Nitric oxide (NO) is an extremely important and versatile messenger in biological systems. It has been identified as a cytotoxic factor in the immune system, presenting anti-or pro-inflammatory properties under different circumstances. In murine monocytes and macrophages, stimuli by cytokines or lipopolysaccharide (LPS) are necessary for inducing the immunologic isoform of the enzyme responsible for the high-output production of NO, nitric oxide synthase (iNOS). With respect to human cells, however, LPS seems not to stimulate NO production in the same way. Addressing this issue, we demonstrate here that peripheral blood mononuclear cells (PBMC) obtained from schistosomiasis-infected patients and cultivated with parasite antigens in the in vitro granuloma (IVG) reaction produced more nitrite in the absence of LPS. Thus, LPS-induced nitrite levels are easily detectable, although lower than those detected only with antigenic stimulation. Concomitant addition of LPS and L-N-arginine methyl ester (L-NAME) restored the ability to produce detectable levels of nitrite, which had been lost with L-NAME treatment. In addition, LPS caused a mild decrease of the IVG reaction and its association with L-NAME was responsible for reversal of the L-NAME-exacerbating effect on the IVG reaction. These results show that LPS alone is not as good an NO inducer in human cells as it is in rodent cells or cell lines. Moreover, they provide evidence for interactions between LPS and NO inhibitors that require further investigation. 
Introduction
Nitric oxide (NO) is an extremely important and versatile messenger in biological systems. It has been identified as a cytotoxic factor in the immune system and as an antior pro-inflammatory element under different circumstances (1) . Since inflammation is not one single process but a complex series of processes each characterized by different cellular populations, extracellular components and mediators, a body of evidence is also accumulating to indicate a role for NO as a key mediator of inflammation (1) .
The statement that immune cells, including activated macrophages, monocytes and almost any type of cell can release NO in response to stimuli by cytokines or lipopolysaccharide (LPS) has long been accepted (2) and not questioned, especially concerning murine models and cell lines (3) . However, LPS does not stimulate NO production in human systems, in the same way as it does in rodent cells (4) . LPS, which is a constituent of bacterial outer membrane, has been recognized by many investigators as the prototype macrophage activator (5) .
The inducible immunologic isoform of the enzyme responsible for the high-output production of NO, nitric oxide synthase (iNOS), in human monocytes or macrophages is most readily observed in patients with infectious or inflammatory diseases. Sustained production of NO endows macrophages with cytostatic or cytotoxic activity against viruses, bacteria, fungi, protozoa, helminths and tumor cells. Although the highoutput NO pathway probably evolved to protect the host from infection, suppressive effects on lymphocyte proliferation and damage to other normal host cells confer upon iNOS the same protective/destructive duality inherent in every other major component of the immune response (6) .
Infection with Schistosoma mansoni induces humoral T cell-mediated responses that result in granulomatous inflammatory disease around the parasite eggs (7) . In this sense, it is extremely valid to use the in vitro granuloma (IVG) reaction which mimics an inflammatory response like that seen in schistosomiasis. We use peripheral blood mononuclear cells (PBMC), obtained from either S. mansoni-infected or non-infected individuals, and stimulate these cells with parasite antigenic preparations conjugated to polyacrylamide beads (8) .
Recently, we have reported that NO inhibition by L-N-arginine methyl ester (L-NAME) acted by exacerbating the IVG reaction (9) . This led us to determine whether this effect would persist under additional circumstances. Thus, we tried a second known stimulus, LPS, in order to create a supposedly better environment for NO release, at the same time that we tested the combined effects of L-NAME and LPS on the IVG reaction. Prior to focusing on the exact consequence of added stimulus versus antigenic stimulation during infection on effective in vitro NO release, we determined the ability of an exogenous stimulus (LPS) and of antigenic stimulation (S. mansoni preparations) to induce NO production by human mononuclear cells. The results presented here show that LPS is not a good NO inducer in human cells as it is in rodent cells or cell lines.
Material and Methods

Reagents
L-NAME and bacterial LPS (phenolextracted E. coli serotype 0128:B12) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Study population
Ten schistosomiasis mansoni patients were selected based on parasitological stool examinations (10) in the Santa Luzia district (a known endemic area) through a cooperation program among Federal University of Minas Gerais (UFMG), Brazilian National Health Foundation (FNS) and Santa Luzia Municipal Health Service. The human subject Ethics Committee of Brazil has approved the patient protocols used throughout this study. Three healthy, uninfected individuals (normal controls) were selected among volunteers.
Cell preparations
PBMC were isolated from heparinized blood (20 U/ml heparin) of patients with chronic intestinal schistosomiasis mansoni and uninfected controls by Ficoll diatriazoate density gradient centrifugation (LSM, Organon Teknica, Charleston, SC, USA) (11) . PBMC were suspended in RPMI 1640 culture medium (Sigma) containing 1.6% Lglutamine, 300 U/ml penicillin, 0.3 mg/ml streptomycin and 10% heat-inactivated human AB + serum, and then counted on a Neubauer chamber.
S. mansoni antigens conjugated to polyacrylamide beads
Polyacrylamide beads (PB), 40-60 µm in diameter (Bio-Gel P-4, Bio-Rad, Richmond, CA, USA), were washed in 0.5 M bicarbonate buffer as previously described (8) . The beads were mixed with 20 mg of S. mansoni antigens obtained from eggs (SEA) and adult worms (SWAP) according to previously described techniques (12) . Purified protein derivative (PPD) from Mycobacterium tuberculosis was purchased from Connaught Laboratories (Ontario, Canada) and was used as a positive control for the IVG reaction, since the Brazilian population is BCG-vaccinated and reacts to PPD, whereas PB alone (not conjugated to any antigen) was the negative control specific for the in vitro reaction.
In vitro granuloma reaction
The reaction was carried out utilizing antigen-coated beads as previously described (12) . Briefly, 200 polyacrylamide beads conjugated (or not) to S. mansoni antigens (PB-SEA and PB-SWAP) or to M. tuberculosis antigen (PB-PPD) were added to the bottom of 96-well tissue culture plates together with 3 x 10 5 cells/well in distinct rows for each of the four treatments: a) presence of L-NAME (1 mM), b) presence of LPS (1 µg/ml), c) presence of both LPS and L-NAME, and d) none of them, i.e., no addition. The PBMC were cultivated in a final volume of 200 µl of RPMI with 10% heat-inactivated AB + human serum. Each experimental and control group was set up in triplicate and maintained at 37 o C in a 5% CO 2 incubator. Cellular reactivity was determined by morphological observations of cellular migration and adherent cell layers surrounding the beads, using a phase-contrast inverted tissue culture microscope (Nikon TMS). Two hundred separate determinations of cellular reactivity were made for each experimental group. A numerical score equivalent to the following classification was assigned to each in vitro cell/bead reaction observed: 1) absence of cells binding to the beads; 2) less than 5 cells binding to the beads; 3) more than 5 cells binding to the beads; 4) more than 5 cells binding to the beads accompanied by circumoval mononuclear cell migration; 5) adherent cell monolayer attached to the beads accompanied by circumoval mononuclear cell migration; 6) multiple cell layers surrounding the beads accompanied by mononuclear cell migration (12).
The total score was then summed and the resultant mean expressed as the granuloma index (GI). Granulomatous reactivity to PB-SEA, PB-SWAP and to a positive control (PB-PPD) was compared to the nonspecific binding of activated macrophages against polyacrylamide beads not conjugated to antigen (PB).
Nitrite determination
Nitrite concentration in culture, a meas-urement of NO synthesis, was assayed by a standard Griess reaction adapted to microplates (13) . The Griess reagent was prepared by mixing equal volumes of sulfanilamide (1.5% in 5% H 3 PO 4 ) and naphthylethylene diamine dihydrochloride (0.1% in H 2 O). A volume of 50 µl of this reagent was mixed with 50 µl of tested supernatant and incubated at room temperature for 10 min. Absorbance of the chromophore formed was measured at 540 nm using an automated microplate reader (Multiskan MCC/340, Labsystems, Helsinki, Finland). Nitrite concentrations were calculated by means of a NaNO 2 standard curve and data were expressed as µM nitrite (14) .
Data analysis
Data were analyzed statistically by the Student t-test, with the level of significance set at P<0.05.
Results
Effects of LPS on NO release and on its inhibition by L-NAME
We have previously established that PBMC from S. mansoni-infected and noninfected individuals are able to produce NO when properly stimulated in the IVG microreaction (9) . At that time and now, we also inhibited NO production by adding L-NAME to the culture, a fact that exacerbated the IVG reaction, as reported earlier (9) . In the present study, we used the same procedure to set up the experiments using LPS as a concomitant stimulus, and the data obtained are shown in Figure 1 (Panels A and B). Supernatants were periodically analyzed for nitrite determination on the 2nd, 4th, 7th, 10th, 15th and 21st days of culture. There was a general time-dependent increase in the amounts of nitrite detected. Figure 1A shows that nitrite detection in rows with LPS added or in rows without any addition (neither LPS The standard deviation did not exceed 15%. All experiments were carried out in triplicate. P<0.05 was taken as the limit of significance. Panel B, Inhibition of NO production by L-Narginine methyl ester (L-NAME) and its reversal by LPS and kinetics of NO production by PBMC from schistosomiasis patients during the IVG reaction. Cells (3 x 10 5 /well) were cultivated with PB-SEA, PB-SWAP, PB-PPD or PB alone and with L-NAME (1 mM) or with combined LPS (1 µg/ml) and L-NAME (1 mM). The lower lines show the inhibited nitrite release in the presence of only L-NAME while the upper lines show restored nitrite release in presence of both LPS and L-NAME. nor L-NAME) was not significantly different, although LPS addition generally led to lower nitrite concentrations. On the other hand, when LPS was added together with L-NAME, this combination restored the ability (lost by L-NAME treatment) of PBMC to release detectable levels of nitrite ( Figure  1B) . Comparison of NO production between groups with or without LPS showed a decrease in nitrite levels in the groups with LPS added, whereas in groups with L-NAME added, LPS addition did stimulate NO production ( Figure 1A and B).
LPS stimulus does not affect the IVG reaction, but, when associated with L-NAME, it reverses the IVG-exacerbating action of L-NAME
Reactivity of cells (PBMC), from infected and uninfected individuals, cultivated with polyacrylamide beads conjugated to S. mansoni antigens (PB-SEA and PB-SWAP), to M. tuberculosis antigen (PB-PPD) or not conjugated to any antigen (PB alone) is demonstrated in Figures 2A and B and 3A and B. Cells to which only LPS was added ( Figure  2B ) showed slightly lower GI values than those with no LPS added (Figure 2A) . Addition of L-NAME to IVG cultures exacerbated the IVG reaction as shown by the increase in GI values ( Figure 3A) . Association of LPS and L-NAME in culture, as depicted in Figure 3B , produced results similar to those seen in Figure 2A , where neither was added to the culture. This event demonstrates that LPS reverses the IVG-exacerbating property shown by L-NAME.
Discussion
The role of the L-arginine/NO pathway in human monocytes and macrophages has been highly debated (4, 15) . Recent evidence suggests that human monocytes express the inducible form of NOS (iNOS) in response to LPS (16) . The active component of endotoxin, LPS, stimulates the induction of NOS in macrophages. However, the intracellular mechanisms by which these processes are mediated remain unclear. LPS profoundly affects immune cell function and elicits a non-specific response, particularly in macrophages, which represent one of the main cellular targets for LPS. The effects of LPS occur primarily through the induction of a number of new genes, particularly a number of cytokines and chemokines (17) . This also includes the stimulated induction of the 130-kDa isoform of iNOS, leading to the subsequent generation of NO (18) . It is interesting to note that LPS or cytokine-stimulated human monocytes/macrophages seemingly fail to produce substantial enzyme activity or the high production of NO which is typically observed in their cellular counterparts of rodents (4, 16) . Since NO production was not routinely measurable in human PBMC, investigators have used inhibitors of NOS (such as L-NAME and L-N G -monomethyl-L-arginine (L-NMMA)) in an attempt to study the role of NO in biological systems and cellular functions. Using this approach, many reports indicate that NO inhibition might have beneficial and/or deleterious effects on a variety of animal models of inflammatory or infectious diseases (19, 20) . Although the cytotoxic activities of NO have been extensively described, several reports convincingly demonstrate a protective role for NO (21) . However, in human pathophysiology, particularly in human monocytes and macrophages, the role of NOS remains elusive (15, 16) . In our own experiments, we have seen that L-NAME addition to IVG culture is responsible for an exacerbation of the IVG reaction which appears to indicate at least an indirect anti-inflammatory role for NO.
With respect to LPS-induced iNOS activation, some investigators have reported that at least 500 ng of LPS per ml is required to induce NO from RAW 264.7 cells, and this amount is reduced to only 500 pg/ml when IFNg is present (22) , supporting the view that, even in this system, LPS alone is not so efficient. Yet, this macrophage cell line (RAW 264.7) undergoes NO-dependent apoptosis after being stimulated with a combination of LPS plus IFNg, while L-NMMA has been shown to exert cytoprotective and antiapoptotic effects on these cells (19, 23) . Albeit in our study we did not specifically check the occurrence of apoptosis, there was seemingly no differences in cell viability among the four treatments tested (LPS, L-NAME, LPS plus L-NAME, or none of them). Other studies have reported that endotoxin induces a progressive loss of vascular tone which correlates with the expression of a Ca 2+ -independent NOS in the vasculature. L-NMMA restores the loss of vessel tone and prevents the hyporesponsiveness to vasoconstrictor agents in endotoxin-treated isolated vessels in vitro (24) and, together with L-NAME, has been shown to restore blood pressure in animal models of endotoxin or septic shock (25) . These indications of a direct interaction between LPS and L-arginine analogues agree with our results, which are consistent with the apparent antagonist effects of LPS and L-NAME in inducing NO production and in exacerbating the IVG reaction. The LPS stimulus clearly interfered with the expected effect of L-NAME on the IVG reaction both in terms of nitrite release and granuloma index values.
It is known that the most effective means of inducing macrophage activation is through combined stimulation with a priming and a triggering agent. Priming agents such as IFNg potentiate the macrophage response to a triggering agent like LPS (26) . It is assumed that the order in which macrophages encounter immune and inflammatory stimuli can profoundly influence the extent to which NO synthesis is induced (26) . Under the present conditions, we did not use IFN, but we used antigenic stimulation which turned out to be a potent priming and triggering agent, supplanting LPS as an inducer of NO production. Perhaps this was due to the attributes of the model we employ, the IVG reaction which, by itself, constitutes a continuous in the presence of L-NAME (1 mM). The results are reported as GI evaluated on the 7th day of IVG culture. There was an evident general increase in GI values for all tested antigens to which L-NAME was added as compared to the results obtained with only LPS, with LPS plus L-NAME or without any addition, as shown in Figures 2A,  2B and 3B. Data are expressed as mean ± SD of N = 10. All experiments were carried out in triplicate. P<0.05 was taken as the limit of significance. Panel B, Effect of combined LPS and L-NAME on the IVG reaction. The GI, ranging from 1 to 6, is shown as a function of tested antigenic stimulation (PB, PB-SEA, PB-SWAP and PB-PPD) in the concomitant presence of L-NAME (1 mM) and LPS (1 µg/ml). The results are reported as GI evaluated on the 7th day of IVG culture. As a whole, there was a significant decrease in GI values for all tested antigens, as compared to data shown in Figure  3A (with only L-NAME addition), meaning that the exacerbating effect of L-NAME on the IVG reaction was reduced by LPS addition in culture.
B
and progressive immune/inflammatory process. IVG begins with reaction of fresh PBMC and keeps them in differentiation processes in vitro until they become macrophages, multinucleated giant and epithelioid cells. A few reports have investigated the activation mechanisms of the NOS or arginase pathway. One probable factor involved is the presence of bacterial antigens. In a recent investigation, LPS from nontoxic or detoxified sources specifically triggered the arginase pathway in murine bone marrow-derived macrophages and NOS was induced solely by toxic LPS (27) . Another point to be taken into account is the influence of serum factors in culture medium. A recent study reported that LPS had a more dramatic stimulatory effect on NO induction if the levels of serum NO 2 -/NO 3 -preexisting in Corynebacterium parvum-primed mice were reduced by L-NMMA treatment (28) . This also suggests an interesting correlation between LPS and NO inhibitors as well as the effect of serum on the stimulatory effect of LPS. In another study, the induction of iNOS by LPS was markedly reduced in the absence of fetal calf serum (FCS) (29) . A likely explanation for that event is that some serum factor might be required for the induction of iNOS by LPS. A candidate is LPS-binding protein (LBP) which binds to LPS to form an LBP-LPS complex which then binds to the CD14 receptor on the cell membrane (30) . The same study reported that induction of NOS by IFN, however, was enhanced in the absence of FCS. This may be related to a possible nonspecific binding of IFN to plasma proteins present in FCS (29) . Another study reported that LPS stimulated the induction of NOS in RAW 264.7 macrophages with maximal expression at concentrations of 1-3 µg/ml. This was wholly dependent upon the presence of serum, indicating that serum differentially affected LPS-stimulated NOS induction (31) . Such serum factor influence might also represent some of the differences usually seen in the in vitro NO production between murine and human cells, since FCS and human AB + serum, respectively, are used. We are not aware of other reports regarding the possible influence of human AB + serum as seen here for FCS.
We have provided substantial evidence that human cells, when properly stimulated, do produce NO. It should be noted that human macrophages seem to synthesize less NO than those of murine origin, and the biological consequences of this low production are not yet clear. It has been demonstrated that human mononuclear phagocytes can produce iNOS mRNA and protein and, despite this, their ability to generate NO is very low (32) . Furthermore, in the present study we show that LPS and antigenic stimulation have different abilities to induce NO production, with results that seem to reduce the effectiveness of LPS as a good stimulus for NO production by human mononuclear cells. In our experiments, LPS did not stimulate any further release of NO other than that induced by antigenic stimulation.
In addition to iNOS, human monocytes/ macrophages express the cNOS (33) . Previous studies have indicated that induction of iNOS expression may be kept suppressed by the endogenous NO level produced by a cNOS enzyme. In cell types possessing both cNOS and iNOS, this may represent a clear paradox (34) . In view of these observations, it would be expected that the endogenous NO levels produced by cNOS could suppress iNOS expression in human PBMC and be incriminated for the lower nitrite concentrations released by human cells. In fact, human cells commonly do not exhibit the same capacity for higher NO production as rodent cells and perhaps this phenomenon, in parallel to the differences in LPS-induced iNOS activation in human cells, could explain these distinct results. In conclusion, the effects of NO on the IVG reaction in schistosomiasis are impressive, especially when we begin to realize how NO consis-tently mediates the granulomatous response in an irrefutable, although heterogeneous, way.
